Abstract Many cytological studies have reported that the numbers of binucleated cells were elevated in various tumors. However, binucleated cells are observed in not only malignant tumors but also normal tissues. Thus, the clinical significance of binucleated cells is controversial. Here we attempted to elucidate the characteristics of binucleated HeLa cells using time-lapse microscopy. To examine the frequency, viability, proliferation, and formation mechanism of binucleated cells, we grew HeLa cells on chamber slides and tissue culture dishes in DMEM supplemented with (10, 3, 1 and 0.5 % media) and without fetal bovine serum (0 % medium). The proliferation was evaluated by the medium improvement examination (cultured for 2 more days in 10% medium after culturing in 0% medium; starvation). In the 0 % medium, 150 binucleated cells were formed by cytokinesis failure. There were significantly more binucleated cells in the 0 % medium than in the 10, 3, 1 and 0.5 % media. About twice the number of binucleated cells underwent mitosis in the improvement examinations than in the serum-free examination. We found here that starvation induced the binucleation of HeLa cells and that some binucleated cells can reproduce. These findings might be helpful for understanding binucleated cells in tumors.
Introduction
Binucleated cells are sometimes observed in cytological specimens. Many cytological studies have reported that the numbers of binucleated cells were elevated in various tumors, including malignant mesothelioma, pancreatic endocrine tumor, cervical squamous lesion, angiosarcoma, and acute myeloid leukemia (Bollmann et al. 2005; Kimura et al. 2009; Minimo et al. 2002; Morin et al. 2000; Stelow et al. 2006; Stoll et al. 2011) . However, binucleated cells are observed in not only malignant tumors but also normal tissues such as those of the heart, muscle cells, platelet progenitor-megakaryocytes, liver parenchyma, and bladder (Mizoguchi and Ishikawa 1994; Morizur et al. 2010) . Regarding the formation mechanism of binucleated cells, there are two different reports: 'cell-cell fusion' and 'abnormal mitosis' Liu et al. 2005; Nakanishi et al. 2007; Zeng and Chen 2009) . The clinical significance of binucleated cells is thus controversial. If binucleated cells are not related to some type of abnormality, why are they observed more often in malignant tissues than benign tissues? To investigate this question, we need to determine the characteristics of binucleated cells (frequency, viability, and proliferation) as well as the mechanisms underlying their formation. In this study, we attempted to elucidate the characteristics of binucleated cells by examining HeLa cells through time-lapse microscopy.
Materials and methods

Cells and culture conditions
All experiments were carried out with HeLa cells derived from human cervical adenocarcinoma (courtesy of Saga Medical School, Saga, Japan). We cultured the HeLa cells in five different media: Dulbecco's modified Eagle's medium (DMEM) (Sigma, St. Louis, MO, USA) supplemented with 10, 3, 1, and 0.5 % fetal bovine serum (FBS) (S1820, BioWest, Nuaillé, France) (10, 3, 1, and 0.5 % media) and DMEM without FBS (0 % medium). We used the same culture conditions (37°C, 5 % CO 2 ) for all of the experiments.
Growth curves and the frequency of binucleated cells
HeLa cells seeded at 10 9 10 4 cells/mL were grown both in 35 9 10 mm tissue culture dishes (FAL-CON353001, Becton-Dickinson, Lincoln Park, NJ, USA) and on chamber slides (FALCON354114, Becton-Dickinson) for 1, 3, 5, 7, and 10 days in the five media (10, 3, 1, 0.5, and 0 %). The cells on the culture dishes were washed twice in phosphatebuffered saline (PBS, Dako, Glostrup, Denmark) and detached from the dishes by the addition of trypsin (0.25 % trypsin from bovine pancreas, Sigma). After that, the cells were sustained with culture medium and counted with a hemocytometer (Luna Automated Cell Counter, Logos Biosystems, Tokyo, Japan) to determine the growth curves. We stained the chamber slides using the method published by Papanicolaou (1942) and evaluated the frequency of the appearance of binucleated cells per 100 mononucleated cells on each slide. We calculated the mean of the results of three separate experiments.
The formation mechanism and viability of binucleated cells HeLa cells seeded at 10 9 10 4 cells/mL were grown on tissue culture dishes (l-Dish, 35 mm high; Ibidi, Martinsried, Germany) for 3 days in the 0 % medium. We cultured and observed the cells using a time-lapse microscopy system (Biostation IM, Nikon, Tokyo, Japan).
The proliferation of binucleated cells
We examined 10 different culture conditions to investigate the viability of binucleated HeLa cells (a to j in Table 2 ). First, HeLa cells were cultured in the 0 % medium for five different periods: 1, 3, 5, 7, or 10 days, in the incubator (a and f were cultured for 1 day, b and g for 3 days, c and h for 5 days, and e and j for 10 days). After each culture, we observed binucleated cells in two different conditions for 2 more days using the time-lapse microscopy system. The cells of a to e were cultured in the 0 % medium (herein referred to as the 'serum-free examination'). On the other hand, the cells of f to j were cultured in the 10 % medium (the 'medium improvement examination').
Statistical analysis
When appropriate, data were expressed as mean ± SD. Data were analyzed by the Mann-Whitney U-test where appropriate. Statistical significance was set at p \ 0.05.
Results
Binucleated cells were seen at higher frequency in the 0 % medium (Figs. 1, 2, 3)
The cell growth curves are shown in Fig. 1 . The growth curves could be divided into three types: highgrowth (the 10 and 3 % media), intermediate-growth (the 1 and 0.5 % media), and low-growth (the 0% medium) types. In the 10 and 3 % media, the numbers of cells grew exponentially between days 3 and 7. In contrast, in the 0 % medium, the numbers of cells increased only a little during the same period.
Binucleated cells were seen at significantly higher frequency in the 0 % medium than in the 10, 3, 1, and 0.5 % media on days 1, 3, 5, and 7 (Fig. 2 ). In addition, on day 1 the frequency of binucleated cells in the 0 % medium was about twice that on days 3, 5, 7, and 10.
Morphologically, on day 3 the cells in the 10, 3, 1 and 0.5 % media were tightly packed and a few binucleated cells were seen ( Fig. 3a-d ). In contrast, the cells in the 0 % medium were loosely attached (Fig. 3e, f) . A binucleated cell (indicated by an arrow), the cell-to-cell attachment (indicated by an arrowhead), and cell debris in the background are all seen in Fig. 3e , f.
All binucleated cells were formed by cytokinesis failure (Table 1 ; Fig. 4) To elucidate the formation mechanism of binucleated cells, we cultured cells in the 0 % medium and recorded them with the time-lapse imaging system. We observed 150 binucleated cells during the 3 days. All of them were formed by cytokinesis failure. Two nuclei comprising a binucleated cell were derived from single mother cells in all 150 binucleated cells. There were three behavior patterns of these 150 cells: mitosis, apoptosis, and unchanged. One-hundred twenty binucleated cells (80 %) underwent apoptosis, whereas 9 (6 %) underwent mitosis. The remaining 21 cells (14 %) were unchanged during the 3 days.
Some binucleated cells kept the potential of proliferation after re-culturing in the 10 % medium (Table 2 ; Fig. 5) The culture process and the numbers of binucleated cells in 10 different examinations are described in Table 2 . Results a to e were the serum-free examinations, and those from f to j were the medium improvement examinations. The no-change ratios were significantly lower than those of mitosis and apoptosis in all examinations. In the serum-free examinations, the apoptotic ratios of binucleated cells in a, b, c, d, and e were 61.4, 53.1, 79.6, 81.8, and 100 %, respectively. In the medium improvement examinations, the apoptotic ratios of binucleated cells in f, g, h, i, and j were 40.7, 18.1, 47.6, 88.9, and 100 %, respectively. On the other hand, in the serum-free examinations, the mitotic ratios of binucleated cells in a, b, c, d, and e were 36.1, 37.0, 16.3, 9.1, and 0 %, respectively. In the medium improvement examinations, the mitotic ratios of binucleated cells in f, g, h, i, and j were 58.2, 79.5, 31.7, 0, and 0 %, respectively. Fig. 1 Growth curves of HeLa cells in the 10, 3, 1, 0.5, and 0 % media. In the 10 and 3 % media, cell numbers grew exponentially between days 3 and 7. In contrast, in the 0 % medium, the numbers of cells increased only a little during the same period. Each value is the mean of three separate experiments Fig. 2 The frequency of binucleated cells per 100 cells in the five media. Binucleated cells were seen at significantly higher frequency in the 0 % medium than in the 10, 3, 1, and 0.5 % media between days 1 and 7. Each value is the mean ± SD of three separate experiments
Discussion
Tumor cells are continuously exposed to hypoxia and glucose starvation because the tumor's demand for their growth always exceeds the supply (Esumi et al. 2002) . In normal tissues, such as liver parenchyma, a relationship between binucleated cells and cell survival was reported (Morizur et al. 2010) . Many cytological studies have found elevated numbers of binucleated cells in various tumors (Bollmann et al. 2005; Kimura et al. 2009; Minimo et al. 2002; Morin et al. 2000; Stelow et al. 2006; Stoll et al. 2011 ). However, binucleated cells are observed in not only malignant tumors but also normal tissues (Mizoguchi and Ishikawa 1994; Morizur et al. 2010 ).
To understand this phenomenon, we attempted to elucidate the characteristics of binucleated cells related to their viability, formation mechanisms, and proliferation, using HeLa cells observed by time-lapse microscopy.
First, we cultured HeLa cells in DMEM supplemented with (10, 3, 1, and 0.5 % media) or without fetal bovine serum (0 % medium) to investigate the effect of serum starvation. The growth curves could be divided into three types: high-growth (the 10 and 3 % media), intermediate-growth (the 1 and 0.5 % media), and low-growth (the 0 % medium) types (Fig. 1) No change n=21 (14%) Fig. 4 The three patterns of behavior of the 150 binucleated cells. One-hundred twenty binucleated cells (80 %) underwent apoptosis, whereas 9 (6 %) underwent mitosis. The remaining 21 cells (14 %) were unchanged in the 0 % medium during 3 days i 7 10 % medium 2 9 0 (0 %) 8 (88.9 %) 1 (11.1 %) 9 j 10 10 % medium 2 12 0 (0 %) 12 (100 %) 0 (0 %) 12
Observation periods using time-lapse microscopy system after first culture in the 0 % medium. Total (Culture process): The sum of serum-free days and addition days Cytotechnology (2016 Cytotechnology ( ) 68:1123 Cytotechnology ( -1130 Cytotechnology ( 1127 exponentially between days 3 and 7. In contrast, in the 0 % medium, the numbers of cells increased only slightly during the same period (Fig. 1) . It seems that serum concentration affects cell proliferation. We also found that the numbers of binucleated cells in DMEM with FBS increased with culture duration (Fig. 2) . However, the number of binucleated cells in the 0 % medium was not only unaffected by the culture duration but was higher than that in DMEM with FBS (Fig. 2) . In addition, the frequency of binucleated cells in the 0 % medium on day 1 was about twice that on days 3, 5, 7, and 10. To explain this phenomenon, we suggest that many binucleated cells appeared in response to the rapid alterations in the culture environment (from 10 % medium to 0 %). Then, the number of binucleated cells on day 1 decreased before stabilizing to the numbers seen on days 3, 5, 7, and 10. However, we need more studies to understand the relationship between the environment and binucleated cells. It should be noted that the number of binucleated cells in the 0.5 % medium was closer to that in the 10 % medium than that in the 0 % medium (Fig. 2) . Morphologically, in the 0 % medium, there were binucleated cells, cell-to-cell attachment, and cell debris (Fig. 3e, f) . They were quite different morphologically from cells in the medium with FBS ( Fig. 3a-d) . These results indicate that binucleated cells are influenced by serum starvation and induced in a serum concentration-independent manner. We next investigated the formation mechanism of binucleated cells by using a time-lapse imaging system. This demonstrated that all 150 binucleated cells were formed by cytokinesis failure (Table 1) . A much higher percentage of the binucleated cells underwent apoptosis than mitosis: 80 % (120/150) versus 6 % (9/150). Polunovsky et al. (1996) also reported that endothelial binucleated cells underwent apoptosis. Our observation of 120 binucleated cells that underwent apoptosis in the present study might be supported by Polunovsky's report. However, the 30 remaining binucleated cells underwent mitosis or remained alive for 3 days, suggesting that some binucleated cells could live for long periods after cytokinesis failure.
We next investigated the reproducibility of binucleated cells (Table 2 ; Fig. 5 ).
In the serum-free examinations, the apoptotic ratios of binucleated cells in a, b, c, d, and e were 61.4, 53.1, 79.6, 81.8, and 100 %, respectively. In the medium improvement examinations, the apoptotic ratios of binucleated cells in f, g, h, i, and j were 40.7, 18.1, 47.6, 88.9 , and 100 %, respectively. Interestingly, the apoptotic ratios in b and g were lower than the others in both examinations. We attributed this phenomenon to the fact that HeLa cells on day 5 can proliferate regardless of the serum (Fig. 1) .
On the other hand, in the medium improvement examinations, the mitotic ratios of binucleated cells in f, g, h, i, and j were 58.2, 79.5, 31.7, 0, and 0 %, respectively. It was interesting to observe that some binucleated cells in not only the medium improvement examinations but also the serum-free examinations kept the potential of proliferation (a, b, c, f, g, and h ). Especially, binucleated cells in g (re-cultured for 2 days in the 10 % medium after culturing for 3 days in the 0 % medium) had a high mitotic ratio (79.5 %). It seems that binucleated cells can be divided into two types: reversible and irreversible. Johmura et al. (2014) showed that normal human diploid fibroblasts exposed to various senescence-inducing stimuli Serum-free examination Medium improvement examination Fig. 5 Results of the serum-free and the medium improvement examinations. In the serum-free examinations, the apoptotic ratios of binucleated cells in a, b, c, d, and e were 61.4, 53.1, 79.6, 81.8, and 100 %, respectively. In the medium improvement examinations, the apoptotic ratios of binucleated cells in f, g, h, i, and j were 40.7, 18.1, 47.6, 88.9, and 100 %, respectively. On the other hand, in the medium improvement examinations, binucleated cells on days f, g, and h underwent mitosis more than did so in the serum-free examinations. Especially, binucleated cells in g had high reproducibility (79.5 %). The conditions 'a-j' are indicated in Table 2 undergo a mitosis skip and become tetraploid G1 cells. On the basis of our results, we suspect that the irreversible type of binucleated cells on days 7 and 10 (d, e, i, and j) have many genetic aberrations and undergo senescence or apoptosis. In contrast, binucleated cells on days 1, 3, and 5 (a, b, c, f, g, and h) might not undergo senescence because they have high mitotic ratios after re-culture in serum-supplemented medium (Table 2 ; Fig. 5 ). However, in the present study we used only HeLa cells, and the ratios of genetic aberrations of malignant cells might be higher than of normal cells. Therefore, more studies should be conducted in order to understand binucleated cells.
There are a few reports about the correlation between binucleated cells and cytokinetic failures. Rinaldo et al. (2012) reported that dividing cells with the reduction of HIPK2 (homeodomain-interacting protein kinase 2) could form a midbody but failed at abscission. Pohl and Jentsch (2008) reported that the depletion of BRUCE, which processes ubiquitinconjugating activity, causes defective abscission and cytokinesis-associated apoptosis, accompanied by a blockage of vesicular targeting as well as defective formation of the midbody and midbody ring. Inactivation or hyperactivation of several of these factors was shown to induce cytokinesis failure, resulting in the inhibition or regression of the cleavage furrow with the formation of tetraploid cells or the persistence of connections between daughter cells with the formation of long intercellular bridges (LIBs) and syncytial cells (Normand and King 2010) . Morizur et al. (2010) suggested that polyploidy including binucleated cells may protect hepatocytes from genotoxic damage by increasing their gene copy number, and may prolong cell survival from apoptosis. Other groups reported that the cytokinesis failure process is also a programmed step in normal development (in liver and heart tissues) producing differentiated binucleated tetraploidy progenies; their findings contribute to our understanding of binucleated cells in normal tissues (Ducos et al. 2007; Engel et al. 2006; Guidotti et al. 2003) . However, aside from these physiological conditions, cytokinesis failure and the resulting tetra-and polyploidization can lead to genetically unstable states and contribute to tumorigenic transformation (Fujiwara et al. 2005; Ganem et al. 2007) . This is the first report that binucleated HeLa cells are induced by starvation and that some binucleated cells keep the potential of proliferation. These findings might be helpful for understanding binucleated cells in tumors. However, the phenomenon of cell binucleation is complex and as yet poorly understood. Therefore, we need more studies of genes related to cytokinesis.
